Introduction
Antioxidant responsive elements (AREs*) are cis-acting regulatory elements identified within the 5Ј-flanking regions of such phase II detoxification enzymes as the human and rat NAD(P)H:quinone oxidoreductase (NQO) genes (1, 2) , the mouse and rat glutathione S-transferase (GST)-Ya subunit genes (3, 4) , and the rat GST-P gene (5) . These elements are responsible for the increased basal expression of these genes in transformed cells compared with their normal counterparts (6, 7) . In general, the NQO and GST enzymes protect cells against the toxic, mutagenic or carcinogenic effects of oxidizing radicals and alkylating species (7, 8) . NQOs catalyze the twoelectron reduction of quinones and quinone imines, and prevent their participation in redox cycling and the generation of reactive oxygen species (6) , and GSTs conjugate hydrophobic electrophiles with glutathione (GSH) (7) . Xenobiotic sub-*Abbreviations: ARE, antioxidant responsive element; BHA, 3-(2)-tert-butyl-4-hydroxyanisole; BHQ, tert-butylhydroquinone; bZIP, basic leucine zipper; CAT, chloramphenicol acetyl transferase; DMEM, Dulbecco's modified Eagle's medium; EMS, electromobility shift; FBS, fetal bovine serum; GSH, glutathione; GST, glutathione S-transferase; HIF-1, hypoxia-inducible factor-1; HSV, herpes simplex virus; NAC, N-acetyl L-cysteine; NF, necrosis factor; β-NF, β-naphthoflavone; NQO, NAD(P)H:quinone oxidoreductase; PMSF, phenylmethylsulfonyl fluoride. stances capable of inducing phase II enzyme activities are diverse, and include aromatic hydrocarbons, phenolic antioxidants, aromatic diamines, aminophenols and organic peroxides (8, 9) .
The ARE in the promoter region of the human NQO 1 gene contains AP-1 or AP-1-like DNA binding sites, and AP-1 proteins have been implicated in the formation or function of this and other ARE complexes (1, 3, 5, (10) (11) (12) (13) (14) (15) (16) (17) . AP-1 complexes consisting of c-Jun and c-Fos induce gene expression in response to many stimuli, including phorbol esters, mitogenic factors and various environmental stresses (18) . In the context of tumor microenvironments, AP-1 activity is sensitive to the changes in cellular redox states associated with hypoxia and hypoxia-reoxygenation (19) (20) (21) , factors important for the development of solid tumors (reviewed in ref. 22) . Based on these reports of a role for AP-1 proteins in ARE-mediated gene expression, and the sensitivity of AP-1 to activation by hypoxia, we investigated whether ARE-dependent transcription is responsive to low oxygen conditions equivalent to those in solid tumors. The findings presented here show that the NQO 1 ARE transactivates a reporter construct that contains a minimal herpes simplex virus (HSV) thymidine kinase (tk) promoter in hypoxic human HepG2 and mouse Hepa hepatocarcinoma cells.
Materials and methods

Cell culture
Mouse Hepa cells derived from the BW 7756 tumor were provided by Dr Ann Smith (University of Missouri, Kansas City, MO), and human HepG2 cells were obtained from the American Type Culture Collection (ATCC; Rockville, MD). Both hepatocarcinoma cell lines were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with fetal bovine serum (FBS; JRH Biosciences, Lenexa, KN; 4% serum for Hepa cells and 10% serum for HepG2 cells).
Construction of ARE-pBLCAT5 plasmids
The NQO 1 ARE (5Ј-GATCCAGTCACAGTGACTCAGCAGAATCTG-3Ј) and a mutated NQO 1 ARE (mARE; 5Ј-GATCCAGTCACAGGTCAGACGCA-GAATCTG-3Ј) elements used in these studies were those originally described by Li and Jaiswal (11) . The bases in bold represent the ARE 'core sequence' RTGACnnnGC (23) . The mARE sequence differs from that of the wild-type by the incorporation of purine-to-pyrimidine changes in the AP-1 binding site of the ARE (underlined bases). The two DNA strands of the ARE and mARE were synthesized commercially (Midland Certified Reagent Company, Midland, TX) with BamH I restriction sites at either end. The synthetic oligonucleotides were annealed, phosphorylated and cloned into the BamH I site of pBLCAT5 (obtained from the ATCC) by using standard protocols (pARE-tk-CAT and pmARE-tk-CAT will refer to plasmid constructs containing the wild-type and mutated ARE, respectively). The orientation and sequences of these elements were determined by direct sequencing of the plasmids.
Transfection and CAT assays
HepG2 and Hepa cells were plated at 5ϫ10 5 cells/60 mm-diameter plastic dish in DMEM supplemented with FBS, as described above. Cells were allowed to attach for 16-18 h before they were transfected by using a calcium phosphate procedure (24) . Briefly, 0.5 ml of a freshly prepared calcium phosphate-DNA precipitate (containing 10 µg of total DNA including 5 µg of pSV-β-gal; Promega, Madison, WI) was slowly added with gentle mixing to each dish. After overnight incubation at 37°C in a 5% CO 2 /air incubator, cells were washed three times with PBS and once with serum-free medium, and then they received 5 ml/plate of complete medium. Cells were incubated overnight before they were treated with 60 µM BHA or exposed to hypoxia.
In some experiments, NAC was added to a final concentration of 40 mM 1 h prior to each treatment (19) . At selected time points, cells were washed once with PBS and lysed by adding 250 ml of Reporter Lysis Buffer (Promega). The lysates were centrifuged at 6000 g for 5 min at 4°C. CAT assays were performed according to a standard protocol and CAT activity was normalized to β-galactosidase activity in the same sample. Measurement of β-galactosidase activity was done in microtiter plates by using a kit assay (β-galactosidase Enzyme Assay System; Promega). Statistical comparison of two means was done by a paired Student's t-test. Differences are considered significant for P Ͻ 0.05.
Hypoxia chamber protocol
Hypoxia experiments were performed according to a procedure established in our laboratory (25) . Briefly, cells in plastic dishes were placed inside specially designed aluminum chambers attached to a 5% CO 2 /N 2 manifold on a vacuum line. The chambers were kept in a circulating water bath at 37°C. Atmospheric oxygen was extracted over 2 h by 10 cycles of pumping to a fixed pressure followed by filling with 5% CO 2 /N 2 (pO 2 ഛ 0.01% relative to air at 21%). Oxygen levels within this apparatus were calibrated by using a polarographic oxygen electrode (Controls Katharobic, Gulph Mills, PA) in an attached test chamber. The chambers were sealed by closing the valves to the manifold and the cells were incubated for various times at 37°C.
Electromobility shift (EMS) assays
Nuclear extracts from control and BHA-treated, or hypoxic cells were prepared essentially according to the procedure of Schreiber et al. (26) . To obtain nuclear extracts from hypoxic cells in the absence of significant reoxygenation, these cells were harvested in an anaerobic chamber (pO 2 0.1 to 0.5%; Anaerobe Systems, San Jose, CA) at the end of the incubation period. Briefly, dishes were placed on ice in air or on Super Ice™ cold packs in the anaerobic chamber and washed with ice-cold PBS. Cells were allowed to swell by adding 400 µl of lysis buffer [10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride (PMSF)] to each dish. After 15 min, 25 µl of a 10% NP-40 solution of the lysis buffer was added. The dishes were then scraped with a plastic spatula and the cell suspensions and debris were transferred to screw-cap microfuge tubes. Tubes were vortexed for 10 s and then centrifuged for 30 s in a microfuge at 4°C. The crude nuclear pellets were resuspended in 50 µl of a nuclear resuspension buffer [20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF] and the tubes were rocked at 4°C for 15 min. The nuclear extracts were then centrifuged for 5 min in a microfuge at 4°C and the supernatants were stored at -80°C. Annealed ARE and mARE deoxyoligonucleotides were end-labeled by using T4 polynucleotide kinase and [γ-32 P]ATP (Amersham, Arlington Heights, IL). DNA-binding reactions were initiated by incubating 6-8 µg of a nuclear extract with~0.1 ng of the labeled probe (~10 000 c.p.m.) for 15 min at room temperature in a buffer containing 12 mM HEPES, pH 7.9, 4 mM Tris, pH 7.8, 60 mM KCl, 30 mM NaCl, 5 mM MgCl 2 , 1 mM EDTA, 5 mM dithiothreitol, 100 mg/ml bovine serum albumin, 0.1% NP-40, and 50 mg/ml poly(dI-dC). Samples were resolved in 5% polyacrylamide non-denaturing gels at 15 mA in 0.5ϫ TBE buffer (pH 8.3). Gels were dried and exposed to Kodak XAR-5 film to prepare autoradiographs.
Results
Hypoxia induces ARE-mediated transcription
The results of experiments involving pARE-tk-CAT and pmARE-tk-CAT transiently transfected into HepG2 and Hepa cells are summarized in Figures 1 and 2 . BHA was used as a positive control for ARE-mediated gene expression (11) . In both cell lines BHA (60 µM for 6 h) increased basal CAT activity by~2-fold. Hypoxia (pO 2 ഛ 0.01%) also caused añ 2-fold increase in CAT activity over that of the aerobic controls during 6-24 h of exposure. No basal or inducible CAT activity was detected in HepG2 or Hepa cells transiently transfected with pmARE-tk-CAT (data not shown). These 2-fold increases in ARE-dependent CAT activity in extracts from BHA-treated and hypoxic hepatocarcinoma cells are the same as those reported by Li and Jaiswal for BHA using the identical reporter construct (11) . These authors found that constructs containing the NQO 1 ARE and more extensive flanking sequences from the NQO 1 promoter region were necessary for obtaining higher levels of reporter gene expression in cells exposed to a phase II enzyme inducer. Fig. 1 . Induction of NQO 1 ARE-dependent expression of a CAT reporter construct in hepatocarcinoma cells exposed to BHA or hypoxia. HepG2 and Hepa cells transiently transfected with pARE-tk-CAT (hARE; 5 µg) or pmARE-tk-CAT (mutant hARE; 5 µg) and pSV-β-gal (5 µg) were exposed to BHA (60 µM for 6 h) or hypoxia (Hx pO 2 ഛ 0.01%) for the indicated times. At the end of each treatment, cells were lysed and assayed for CAT activity. Hypoxic cultures were lysed under anaerobic conditions. Because the NQO 1 ARE activates transcription in response to oxidative stress (8,23), we investigated the possibility that the relatively high basal CAT activities in the aerobic hepatocarcinoma cells (Figure 2) were caused by aerial oxidation. To test this hypothesis, aerobic HepG2 cells were incubated in medium containing 40 mM NAC for 1 h before exposure to 60 µM BHA or hypoxia. NAC is a sulfhydrylcontaining molecule that increases the content of total cellular GSH, the principal intracellular antioxidant thiol (27) . Figure 3 shows that basal CAT activity in transfected aerobic HepG2 cells was significantly decreased in the presence of NAC whereas the hypoxia-inducible CAT activity remained elevated (~7-fold relative to the aerobic CAT activity). NAC inhibited, but did not suppress, BHA-inducible CAT activity from the HepG2 cells. A similar inhibition by NAC of ARE-dependent basal CAT activity has been reported by others for HepG2 cells (28) . Interestingly, these authors also showed that the effect of BHA on ARE-mediated transcription involves oxidation (28) . These findings, which involve the antioxidant NAC, indicate that basal expression of pARE-tk-CAT in aerobic HepG2 cells has an oxidative contribution, and suggest that this contribution could partially mask the effect of hypoxia on the ARE-dependent transactivation.
ARE-protein complexes in HepG2 and Hepa hepatocarcinoma cells bind constitutively under aerobic and hypoxic conditions
To investigate effects of hypoxia on ARE-protein complex formation in EMS assays, the ARE sequence used to construct pARE-tk-CAT was labeled with [γ-32 P]ATP and incubated with nuclear extracts from untreated (aerobic), BHA-treated or hypoxic (6 h) HepG2 and Hepa cells. The labeled mARE sequence was used as a control. Figure 4 shows that a constitutive ARE-binding activity is present in Hepa and HepG2 cells under all of these conditions. This constitutive ARE-binding activity is sequence-specific, as shown by suppression of DNA binding in the presence of the mutated ARE probe (Figure 4 ; mARE) or by competition with excess unlabelled ARE probe (data not shown). Fig. 4 . Autoradiographs of EMS assays showing the binding to a labeled ARE probe of nuclear proteins from control and treated HepG2 and Hepa cells. The ARE and mARE oligomers are identical to the sequences in pARE-tk-CAT and pmARE-tk-CAT, respectively. Cells were exposed to BHA (60 µM for 6 h) or hypoxia (Hx; pO 2 ഛ 0.01% for 6 h). Nuclear extracts from hypoxic cells were prepared under anaerobic conditions. The arrow indicates the position of the NQO 1 ARE-protein complex.
Discussion
The novel finding that hypoxia induces transcription from a reporter construct that contains the ARE from the NQO 1 gene is consistent with the sensitivity of AREs to perturbations of cellular redox states (8, 23) . Several hypoxia-responsive transcriptional regulators from mammalian cells have been identified, including NF-κB (29), p53 (30), hypoxia-inducible factor-1 (HIF-1) (31), and c-Jun and c-Fos (19, 21, 32 ). The EMS experiments described here indicate that the NQO 1 ARE constitutively binds nuclear complexes from HepG2 and Hepa cells under aerobic and hypoxic conditions. The composition of ARE-binding complexes appears to be variable. Although several EMS studies have identified Jun and Fos proteins in ARE-protein complexes (1, 3, (11) (12) (13) 17) , they are not the only members of the bZIP class of transcription factors capable of binding to AREs (33) . Moreover, AP-1 may not be essential for ARE-dependent transcription: the NQO 1 ARE can be induced by BHQ in mouse F9 cells, which apparently have very little AP-1 activity (34) , and the rat GST-P ARE does not require AP-1 for transactivation (35) . Various transcription factors bound to AREs have been described (33) (34) (35) (36) , which suggests that this genetic element may actually be a composite DNA-binding site. Recently, it was reported that the induction of phase II detoxification enzymes in mice by xenobiotic substances or oxidative stress requires the presence of heterodimers of Nrf2 and small Maf bZIP transcription factors in ARE-bound complexes (37) . This finding confirms the results of an earlier study showing that Nrf1 and Nrf2 are critical for the induction of specific protein binding to the NQO 1 ARE in extracts of mouse and primate cell lines exposed to β-NF or BHQ (17) . In an attempt to accommodate such findings, a model of the ARE has been proposed in which bZIP transcription factors bind to the TGACnnn part of the consensus core sequence, and other proteins (e.g. ARE-BP-1) occupy flanking sequences critical for mediating transactivation in a cell-or tissue-type-specific manner (33) . It will be interesting to determine whether Nrf:Maf heterodimers contribute to the sensitivity of NQO 1 ARE-protein complexes from hepatocarcinoma cells to hypoxic stress.
Constitutive binding of nuclear proteins to the ARE probe in both control and treated hepatocarcinoma cells seems paradoxical considering that both BHA and hypoxia can activate ARE-dependent transcription in these cells (Figures 1  and 2) . However, as a precedent, the promoter region of the immediate-early gene c-jun seems to be constitutively occupied, and transactivation of c-jun in response to various stresses appears to involve phosphorylation of bound transcription factors (e.g. c-Jun/ATF2) (18) . In an ischemia-reperfusion study of the binding of c-Jun/ATF2 AP-1 complexes to the jun2TRE or ATF/CRE sites, AP-1 phosphorylation was found to be required for productive or stable binding to these elements (38) . Phosphorylation also appears to be necessary for the DNA-binding activity of HIF-1, the prototypical hypoxiainducible transcriptional complex (39) . By analogy, AREdependent transcription in hypoxic cells might also depend on changes in the phosphorylation state of bound transcription factors. Determining the potential role of phosphorylation in transactivation mediated by ARE complexes is an important area for further research.
The finding of hypoxia-inducible activation of the NQO 1 ARE is consistent with reports of the induction of NQO 1 expression in hypoxic HT29 human colonic carcinoma cells (40) . In principle, activation of ARE expression in hypoxic tumor cells could upregulate a group of phase II detoxification enzymes (e.g. NQO 1 or specific GSTs), and confer resistance to a variety of quinone-containing or alkylating chemotherapeutic agents (40, 41) . Interestingly, the xenobiotic responsive element (XRE), identified in the promoter region of the cytochrome P-4501A1 gene (encoding a phase I detoxification enzyme) and in those of some phase II detoxification enzyme genes, is also responsive to hypoxia (42) . The sensitivity of AREs to oxidizing conditions also suggests that some phase II enzymes are involved in cellular responses to reoxygenation. This redox sensitivity of AREs has implications for the survival or adaptation of solid tumors in which hypoxia and hypoxiareoxygenation is an inevitable consequence of the dynamic nature of tumor blood flow (43) .
In summary, the NQO 1 ARE is a hypoxia-responsive cisacting genetic element that can bind a protein complex containing a member or members of the bZIP family of transcription factors. The activation of AREs in hypoxic or reoxygenated cells could co-ordinately induce groups of genes capable of generating resistance to some forms of solid tumor chemotherapy, or genes involved in adapting tumor or stromal cells to fluctuating oxygen levels. The identification and functional characterization of such ARE-regulated genes is important for understanding phenotypes associated with tumor hypoxia and malignant progression.
